Conformational isomerism in isolated and liquid 2-aminoethanol was investigated by a concerted molecular orbital and vibrational spectroscopic approach. The molecular structures, relative energies, dipole moments and vibrational spectra (both infrared and Raman) of the various possible conformers of the studied compound were calculated, using the extended 6-31G* basis set at the HF-SCF ab initio level of theory. The theoretical results were then used to interpret infrared and Raman data obtained under different experimental conditions. It was found that none of the most populated conformational states existing in the pure liquid (where intermolecular H-bonding occurs extensively)-the gGt and tTt conformers -, correspond to the conformational ground state for the isolated 2-aminoethanol molecule -the intramolecularly H-bonded g H Gg H conformer. ᭧
Introduction
2-Aminoethanol (AE) is a three-rotor molecule and is characterized by three independent torsional angles (C-C-N-lp, N-C-C-O and C-C-O-H; lp lone pair), giving a total of 3 3 27 staggered conformations. From these conformations, 14 correspond to non-equivalent energetical forms (all staggered conformations have a mirror image except the all trans form which is unique). In this article, the notation developed by Radom et al. [1] will be used thoroughly: the conformations obtained by rotation around the central C-C bond are indicated by a capital G (N-C-C-O Ϸ 60Њ),G H ( Ϫ 60Њ) or T (180Њ), preceded and followed by lower-case letters which indicate the geometry adopted by the C-C-N-lp and C-C-O-H axes, respectively; the letters g, g H and t, refer to values of the appropriate dihedral angles close to 60Њ, Ϫ 60Њ and 180Њ, respectively.
Conformational isomerism in AE has been the subject of several theoretical and experimental studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . For the isolated molecule situation and in the gaseous phase, it has been shown that intramolecular hydrogen bonding plays a decisive role in stabilizing those conformations which correspond to the most stable conformational states of the studied molecule [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In a microwave study of 2-aminoethanol in the gaseous phase, the g H Gg H conformer ( Fig. 1 ) was found to be the dominant species [2] . The stability of this conformer was attributed to the presence of an intramolecular hydrogen bond of the type OH…N, that has also been found to operate in other similar molecules [20, 21] . This result has received support from theoretical calculations carried out at different levels of approximation [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, different methods of calculation do not fully agree with respect to the relative order of stability of the remaining conformers, despite some general consensus has emerged from the whole set of calculations already carried out: (a) conformers where OH…N or NH…O intramolecular hydrogen bonding operate have an increased stability (the estimated stabilizing energies for the stronger intramolecular H-bonding of each type-OH…N, in g H Gg H , and NH…O in gGt -amount to ca. 15 and 3 kJ mol
Ϫ1
, respectively [16] ; (b) all forms exhibiting a Trans N-C-C-O axis have energies higher than the conformational ground state by at least 10 kJ mol Ϫ1 and energy barriers for internal rotation larger than 30 kJ mol Ϫ1 [8] ; (c) the real physical meaning of some of the minima observed in the predicted potential energy surfaces (PES) of AE (gGg
is still questionable, as these forms are not minimum on all PES calculated or are predicted to have very low energy barriers (in some cases lower than the "conformer" zero point vibrational energy [14] ).
In an infrared study of AE isolated in matrices at low temperature (where gas phase vibrational data was also reported) [8] , the n OH and t OH spectral regions were studied in detail and the results interpreted assuming the presence in the samples of at least five different conformers: the most stable OH…N intramolecularly H-bonded g H Gg H form, and conformers gGt, tGt, tGg and gGg, all of them exhibiting an NH…O intramolecular hydrogen bond and having relative energies to the most stable conformer within 10 kJ mol
. Upon irradiation of the matrices in the n OH stretching region conformer g H Gg H converts easily to the other forms in a reversible way [8] .
Despite the relatively large number of structural and conformational studies previously carried out on the isolated molecule of AE, the vibrational data available is still very scarce and, in particular, the analyses of the vibrational spectra previously performed did not receive any systematic support from a high level theoretical model. Thus, in this study, the available spectroscopic data for AE is interpreted on the basis of predictions of vibrational spectra made by high level ab initio molecular orbital calculations.
However, AE has not been studied in detail in the liquid phase, where intermolecular interactions may change dramatically the relative importance of the various possible isomeric forms. In fact, the previously reported studies [17, 22] assume the existence in this phase of significant populations of both Trans and Gauche forms about the N-C-C-O axis (despite the exact nature of the most abundant forms have not been identified), a result that may be considered relatively unlikely taking into consideration that these forms correspond to high energy conformational states for the isolated molecule situation. In this article, the liquid phase spectra of AE is analyzed in detail and the most abundant isomeric forms of this molecule present in this phase are identified.
Experimental
2-AE which was obtained commercially was the spectroscopic grade (purity 99.5ϩ %) and was used without any additional purification. IR spectra were obtained using a Mattson Infinity Series Fourier transform spectrometer equipped with a germanium/CsI beam splitter and a deuterated triglycine sulphide (DTGS) detector fitted with CsI windows. Data collection was performed with 2 cm Ϫ1 spectral resolution using a specially designed demountable transmission variable temperature cell with AgCl windows, linked to a T48 (Red Lion Controls) temperature controller.
The ab initio molecular orbital calculations were performed using the 6-31G* basis set [23] with the GAUSSIAN 92 program package [24] running on DEC ALPHA 7000 computer. Molecular geometries were fully optimized by the force gradient method using Berny's algorithm [25] and the standard convergence criteria for geometry optimization. The 6-31G* ab initio calculated wavenumbers were scaled down in order to fit to the experimental values by using a single scale factor (0.89 [26] ). Normal coordinate analysis were undertaken using the programs TRANSFORMER, BUILD-G and VIBRAT [27] , which are interfaced with GAUSSIAN 92.
Results and discussion
Relative energies, dipole moments and some relevant structural data of the various conformers resulting from the ab initio calculations are shown in Table 1 . From these results (and in consonance with previous theoretical studies performed at similar levels of approximation [8, 9, [11] [12] [13] [14] [15] ) it can be expected that the experimentally accessible conformers of isolated AE correspond to Gauche forms about the N-C-C-O axis, the most populated species being g H Gg H (the most stable form, which exhibits a strong intramolecular OH…N hydrogen bond) the gGt and tGt conformers both stabilized by an NH…O intramolecular hydrogen bond and having relative energies to the most stable form of ca. 6.0 and 7.0 kJ mol Ϫ1 , respectively. Form gGg H (where a weak OH…N intramolecular H-bond exists) is predicted by the calculations to be the 3rd most stable conformer, with an energy of ca. 6.5 kJ mol Ϫ1 above the most stable conformer, but, as discussed previously [14] , its physical meaning is questionable, depending on the real height of the energy barrier that separates this form from the g H Gg H . Forms tGg and gGg have energies ca. 8.0 and 8.5 kJ mol Ϫ1 higher than the conformational ground state and correspond to the 5th and 6th more stable conformers. Assuming a Boltzmann distribution and neglecting all higher energy forms, the predicted populations of these six conformers, at room temperature, are 77.3%, 6.9%, 5.6%, 4.6%, 3.1% and 2.5%, respectively. Thus, the g H Gg H conformer is considerably more populated than the remaining conformers and the vibrational bands owing to this form must clearly dominate the spectra of AE in both the gaseous phase and in the low temperature matrices. Table 2 summarizes the vibrational results obtained here for the most stable conformers of isolated AE and compares these results with the experimental gas phase and matrix isolated data [8, 28] . As it can be noted from this Table, the theoretical results strongly support the previous conclusions from M. Räsänen et al. [8] and, in addition, enable a full assignment of the observed bands in all studied spectral regions.
The liquid phase Raman and infrared spectra of AE are shown in Fig. 2 . The assignments made here are presented in Table 3 . The liquid phase data are consistent with the absence of the intramolecularly Hbonded g H Gg H form (and, if it exists, it also applies to the gGg H conformer). In fact, the prevalent hydrogen bonding in the liquid is the intermolecular OH…N bonding, whose mean energy of stabilization is known to be ca. 29 kJ mol Ϫ1 [19] (nearly twice that associated with the intramolecular process in g H Gg H [16] ). This is noticed easily by looking at the observed frequencies for the n OH, dCOH and t OH vibrations in the liquid state spectra, which are typical values for intermolecularly H-bonded hydroxyl groups [29, 30] . The formation of this hydrogen bond leads necessarily to break the intramolecular OH…N hydrogen bond that stabilizes the g H Gg H (and gGg H ) conformers, making these forms unstable in the liquid. In contrast, the intermolecular OH…N hydrogen bond may, in principle, be established by all conformers having a free OH group and the NH 2 group accessible for acting as hydrogen acceptor, including those conformers where intramolecular NH…O hydrogen bonding is operating. Indeed, these are the best examples to be the preferred conformations of AE in the liquid phase, as, excluding the g H Gg H and gGg H conformers, these are the lowest energy forms in the isolated molecule situation (with gGt being the lower energy state) and the intramolecular NH…O hydrogen bonding may in fact activate both the OH and NH 2 groups to the establishment of the OH…N intermolecular hydrogen bonding, because it makes the hydroxyl group more acidic and the amino group more basic. In addition, there are experimental evidences that conformer g H Gg H may be converted with relative facility to the NH…O intramolecular hydrogen bonded conformers [8] . Accordingly, the experimental data are consistent with the gGt and tGt conformers being the most abundant species in the liquid phase. Considering that, increasing the temperature leads to an increase in the relative intensity of the bands assigned to the tGt form, the conformational ground state of AE in the pure liquid must correspond to the gGt conformer (the 2nd more stable form for the isolated molecule situation). It must also be pointed out that no evidences of Trans conformers about the N-C-C-O axis were found in the liquid phase spectra. 
